Motivati on
The use of ZnO:Al (AZO) for Silicon Hetero Junction (SHJ) solar cells as transparent conductive oxide (TCO) layer provides a highly available low cost alternative co mpared to indiu m based TCO's. The deposition was performed in an inline PVD system. The biggest disadvantage of thin AZO layers is its low carrier mobility μ (μ AZO = 15 cm 2 V -1 s -1 [1] , μ ITO = 50 cm 2 V -1 s -1 [2] ), which requires a h igh carrier concentration N to attain a low sheet resistance. A high N again results in higher free carrier absorption (FCA) of in frared light [3] and thereby to a reduced short circuit current density (J sc ) of a solar cell. Therefore the AZO deposition parameters were varied to obtain a high carrier mob ility of AZO. As known fro m literature, a post thermal treat ment can be beneficial for AZO [1] and was therefore investigated for bare AZO layers and a-Si SHJ lifetime samples.
Experimental
The AZO layers were deposited by an inline sputtering system fro m Applied Materials (ATON 500), with a dual magnetron at med iu m frequency (MF). The p lanar ZnO sputtering target contains 2 weight% alu minu m and the sputtering gas is argon. The sample substrates are placed on a carrier p late and locked in the vacuum system. Within the vacuum system the substrates are heated up to the process temperature and pass through the plasma region, where the deposition takes place. The carrier speed determines the resulting AZO layer thickness, which was ke pt constant at ca. 70 n m, controlled by ellipsometry measurements on shiny -etched crystalline silicon (c -Si) samp les. The process parameters, the electrical power of the sputtering system P, the deposition temperature T and the Argon flu x [Ar], were varied accord ing to a statistical design of experiment (Do E), as shown in Table 1 . The concentration N and the effective mobility μ of the charge carriers were obtained by hall measurements [4] with AZO films on bare glass or on a-Si coated glass substrates. Annealing was carried out subsequentially either in a furnace with controlled gas atmosphere or on a hotplate in air. Fro m the annealing temperature T ann dependent carrier concentration N, the donor activation energy E a through the Arrhenius equation [5] can be estimated:
with R as the ideal gas constant and the pre factor A, which is independent from N. Sy mmetrical amo rphous silicon hetero junction layers on shiny-etched c-Si wafers were used to investigate the effect of AZO deposition and post annealing on the potential cell performance. The samples were characterized by quasi steady state photo conductance (QSSPC) method [6] to get the implied pseudo fill factor i-pFF [7] 
Results

Design of Experiment (DoE)
The analysis of variance resulting fro m the Do E o f the AZO deposition is shown in Fig. 1 (a) . The significance level is set to a probability p of 0.005. At a low argon flu x o f 200 sccm, no significant effect of the deposition parameters on the carrier mob ility μ and concentration N was observed. At the higher argon flu x of 500 sccm, the temperature beco mes a significant parameter for the N and μ. The detailed effect of the deposition temperature on μ and N for high argon flu x is shown in Fig. 1 (b) . Primarily the mobility μ increases for higher deposition temperature T, whereas the carrier concentration N decreases. For a too high deposition temperature, however, the mobility decreases and the concentration increases again. The hypothesis for lo w temperature AZO is probably a higher micro structure, e.g. smaller and therefore more grains, which causes a higher defect density at the grain boundaries [9] with donor like behavior. The mo re grains again can explain the very low mob ility of below 10 cm 2 V -1 s -1 , since it is known that the grain-to-grain mob ility in AZO is very low due to scattering effects at the grain interfaces and therefore the limiting factor of the effective mobility [9] . The microstructure of AZO deposited at higher temperatures is probably reduced, which would result in a lower grain boundary defect induced carrier concentration but a higher carrier mobility due to less grain-to-grain transfers. The increase of the carrier concentration for AZO deposited at 300 °C can be explained by an in-situ thermal activation of donors. Table 1 ) on the carrier concentration and carrier mobility of the AZO film, (b) effect of the deposition temperature T on the carrier mobility μ and concentration N of AZO deposited at an Argon flux of 500 sccm.
Structural and optical properties of AZO
In Fig The deposition of the thick layer in p icture (a) was performed with a slower deposition speed. The 1,3 μm thick AZO layer on a flat surface obtains a small grain incubation layer of roughly 80 n m. For a layer thickness greater 80 n m, the grain size increases. In picture (b) the thin AZO layer on an alkaline textured silicon surface shows the same small grain structure as the incubation layer in p ict ure (a). The grain size of the thin AZO layer was estimated to 50 n m. The co mparison of the electrical properties of the thick and thin AZO layers shows a difference in the carrier mob ility μ and concentration N (see Table 2 ). The h igher value for μ for the thick layer can be exp lained by the bigger grain size, since it is known that the in -grain mobility of AZO is dominantly limited by scattering effects with impurity ions [10] can be rather high [11] . For the small grain material, the carriers have to cross the grain boundaries more often, reducing the effective mobility due to scattering effects at the grain boundaries [10] . The higher carrier concentration of the thick AZO layer is probably due to a thermal activation of donors; due to the long plasma process , the time of the sample within the high temperature region is longer. Carrier mobility μ (cm 2 V -1 s -1 ) 28 20
Carrier concentration N (cm -3 ) 4,3 * 10 20 2,4 * 10 20
In Fig. 3 the ext inction coefficient k of AZO layers deposited on glass with three carrier concentrations in the visible and near infrared wavelength range is shown. The carrier concentration N of the layers were obtained by Hall-measurements and the extinction coefficient was calculated fro m transmission and reflection measurements of AZO layers deposited on glass substrates . High carrier concentration causes High infrared light absorption which results in a lower short circuit current density J sc of a SHJ solar cell, contacted by such an AZO layer. In Table 3 , the J sc loss due to light absorption within the AZO layers fro m Fig. 3 , calculated with OPA L [12] , is shown. The increase of the J sc loss was found proportional to N 2 . 
Low T annealing at 275 °C
Behavior of N
Overall, an increase of the carrier concentration N for 275 °C annealing temperature for all AZO layers can be seen. Furthermore, the increase of N saturates with time, which can be exp lained by the thermal equilibriu m of donor states. A more detailed look on the amount of the increase of N shows a dependence to the deposition temperature (see Fig. 4 a) . By plotting the annealing temperature dependent change in the carrier concentration N before annealing and after the 100 min annealing at 275 °C in an Arrhenius graph, which is not shown here, one can estimate the activation energy E a of the carrier fo rmation. It becomes apparent that E a for the 25 °C and 200 °C AZO amounts around 25 meV, whereas the 300 °C AZO shows a smaller increase of the carrier concentration with an activation energy of around 10 meV. An assumption for this behavior is an already reached thermal equilibriu m of the donor formation for AZO deposited at 300 °C, due to the in-situ annealing during sputtering, whereas the 25 °C and 200 °C AZO reach the thermal equilibriu m o f the donor activation with annealing due to the lower deposition temperature.
Behavior of μ
The annealing behavior of the carrier mobility μ shows also a strong dependence on the deposition temperature of the AZO layers (see Fig. 4 b) . Whereas the low temperature AZO benefits by a thermal t reatment up to 275 °C, the 200 °C AZO suffers. One can assume the improvement of μ for the low temperature AZO is linked to structural improvements of the layer, however, these structural properties still limit ing the mob ility on a lo wer level. The higher mob ility of the 200 °C AZO is probably limited not only by structural but also by in -grain ion scattering effects, which depends on the carrier concentration and results therefore in a decreasing μ, since N increases. The mobility of the 300 °C AZO again remains more or less constant, as the carrier concentration is also not changed.
High temperature annealing at 450 °C
Behavior of N and μ
The high temperature annealing at 450 °C in contrast obtains a different behavior. The low temperature AZO seems to be dominated by as-deposited structural properties which leads to a decrease of N, probably due to a saturation of e.g. g rain boundary defects. That this effect appears only at high temperature annealing is probably due to the higher thermal energy, wh ich is required for the restructuring of the layer. The deterioration of the carrier mobility, however, cannot be exp lained by this hypothesis and is obviously limited by other built-in scattering effects. In the case of 200 °C and 300 °C AZO, a thermal treat ment of 450 °C leads to an increasing carrier concentration with a specific donor activation energy of around 55 meV, wh ich is found in the literature as a formation of Al Zn donors [13] . The strong increase of the mobility for the high temperature AZO layers is in contradiction to the increase of N, since a higher ion scattering and therefore a reduced mobility is predicted. Therefore other mechanisms, as e.g. lower neutral impu rity scattering or scattering at crystallographic defects [14] , seems to play a significant ro le. However, a similar effect was shown by Ruske et al. [14] , where the carrier mobility of bulk AZO reached values up to 65 cm 2 V -1 s -1 with an even higher carrier concentration after a long thermal treatment at 650 °C. It can be pointed out, that AZO layers deposited at temperatures below the annealing temperature shows a huge modification with the post deposition thermal treat ment. Nonetheless long annealing at 450 °C is too high fo r a -Si SHJ solar cells, the info rmation that there is an improvement of the electrical parameters of AZO by applying certain energy can be useful for e.g. very short thermal treatments.
AZO on SHJ structures
In Fig. 5 (a) For both structures a decrease of the i-pFF after AZO deposition was observed, whereas the i-V oc stays more or less constant. The degradation of i-pFF after AZO deposition can be explained by the high energy radiation during the sputtering process. The different behavior of i-pFF and i-V oc is due to the different in jection level o f minority carriers for the estimation of i-pFF and i-V oc . Whereas i-pFF is estimated at a minority carrier density (MCD) of around 1 x 10 15 cm -3 , the i-V oc is calculated at 1 sun radiation, which is our case a M CD of around 1 x 10 16 cm -3 . In the h igh MCD range the carrier lifetime is dominantly limited by the Auger reco mbination, which is not altered by the sputter deposition. In the lower MCD range, the so called Shockley -Read-Hall (SRH) reco mbination takes place, which is highly increased by the defect formation due to the high energy radiation during the sputtering process. The subsequential post annealing obtains an improvement of the sputter degraded i-pFF up to a temperature of 275 °C.
The i-V oc shows an improvement up to a temperature of 275 °C. A higher temperature treat ment causes a degradation of both parameters for BSF and emitter structures. Hall measurements of AZO on such SHJ structures indicates a larger carrier concentration N fo r AZO deposited on a-Si surfaces and strong increase of N for annealing up to 300 °C (Fig. 5 d) . The energy for the donor activation in the temperature range fro m 250 to 300 °C is independent from the underlying layers, but the comparison between AZO on glass and a-Si stacks shows different degradation mechanisms. Whereas the bare AZO starts to deteriorate at 325 °C, the AZO on a-Si(i-p) is especially stable up to 350 °C. These differences of μ and N, and the changed thermal behavior can be due to either a different surface morphology, which can lead to a different structure of AZO, o r to an allocation of hydrogen during the AZO deposition in cases of a -Si surfaces, since it is known that hydrogen can act as a donor in AZO [15] . If the presence of hydrogen coming fro m the a-Si is the reason for the different electrical propert ies, the difference of AZO deposited on a-Si:H(i-n) and a-Si:H(i-p) is possibly due to a stronger release of hydrogen for a-Si:H(i-p), as reported by de Wolf [16] . The different release of hydrogen for a-Si:H(i-p ), a-Si:H(i-n) and the comp lete absence of hydrogen for bare glass can also explain the different thermal behavior of AZO, as reported in [1] , the presence of hydrogen during annealing can cause higher temperature stability. 
Detailed estimation of the activation energy
In Fig. 6 the natural logarith m o f the AZO carrier concentration N over the reciprocal annealing temperature T ann for AZO samp les on glass and a-Si coated glass is shown. All annealings were carried out in oxygen containing atmosphere. Fro m so called Arrhenius plots one can estimate the act ivation energy E a of the thermal activated donors in AZO, which are summarised in Tab le 3. The activation energies for AZO on glass or a -Si coated glass are more or less equal, but shifted towards higher carrier concentration for AZO on a -Si coated glass, which is also the case in the test structures in Fig. 3d ). In the low temperature range fro m roo m temperature to 120 °C, E a is around 10 meV. This activation energy can be identified as an act ivation of excitons in neutral donors [13, 17] . In the temperature range fro m 160 to 220 °C E a is around 54 meV. In literature, an activation energy of 55 meV can be attributed to a formation of Al Zn donors fro m neutral states [13] . A re-measurement o f the 180 °C annealed samp les after 20 days storage in air at roo m temperature under diffuse sun illu mination, wh ich corresponds to the points at 2.2 * 10 -3 K -1 marked with red arro ws, obtains a significant degradation of the carrier concentration. A subsequential performed annealing leads again to an activation of donors with the specific energy of around 55 meV. For temperatures above 250 °C a sharp decrease of the carrier concentration was observed. This deactivation of carriers was reported in the literature as a surface oxidation of AZO [18] . 
Conclusion
It was shown that AZO layers with a thickness below 80 n m deposited at 200 °C obtain good electrical properties, with a carrier concentration N of 2 x 10 20 cm -3 and a carrier mobility μ up to 20 cm 2 V -1 s -1 after deposition. The co mparison of the electrical parameters of thin and thick AZO layers obtains a limitat ion especially of the carrier mobility by structural properties, as the grain size of the poly morph material. The annealing of thin AZO layers showed temperature stability up to 450 °C in nit rogen atmosphere, whereas AZO annealed in air starts to deteriorate at 300 °C. The high temperature annealing at 450 °C in an inert gas leads to an improvement of the mobility up to 22 cm 2 V -1 s -1 . The presence of a-Si was identified as significant factor on the electrical parameters for as-deposited AZO and its annealing behavior. 
